Transport equations have been applied successfully to describe the quarkonium evolution inside the quark-gluon plasma, which include both plasma screening effects and recombination. We demonstrate how the quarkonium transport equation is derived from QCD by using the open quantum system framework and effective field theory. Weak coupling and Markovian approximations used in the derivation are justified from a separation of scales. By solving the equations numerically, we study the Upsilon production in heavy ion collisions.
Introduction
Heavy quarkonium is a bound state of a heavy quark-antiquark pair (QQ). Inside the quark-gluon plasma (QGP), which is a deconfined phase of nuclear matter, the attractive potential between the QQ is screened. The plasma screening becomes stronger as the temperature increases. As a result, at sufficiently high temperature, the potential is too weak to support the bound state formation 1, 2 . In other words, quarkonium "melts". This effect is called static plasma screening effect. It leads to suppression of quarkonium production in heavy ion collisions, if the QGP is formed. Thus, quarkonium suppression is used as a signature of the QGP formation in heavy ion collisions.
Experimental measurements confirmed the quarkonium suppression in heavy ion collisions at both RHIC and LHC. To explain the data quantitatively, one has to take into account another plasma screening effect, called dynamical screening effect. It describes the quarkonium dissociation in dynamical scattering processes. It happens when enough energy is transferred from the medium to the quarkonium state to excite it to the continuum.
It generates a thermal width of quarkonium, which increases with the temperature. These two screening effects are connected in the sense that both of them are generated from the thermal loop correction to the quarkonium propagator.
In addition to the plasma screening effects, another crucial process in understanding the quarkonium in-medium evolution is the recombination of unbound QQ's 3, 4 . When the medium temperature is below the melting temperature of quarkonium, an unbound QQ may radiate out a certain amount of energy and form a bound state. The Q andQ in the recombination may come from the same initial hard scattering vertex or different initial hard vertices. The latter case is negligible when only a few heavy quarks are produced in the collision, but will be enhanced as the heavy quark number increases. The recombination is crucial to explain the collision energy dependence of J/ψ suppression. J/ψ is less suppressed as the collision energy increases from RHIC to LHC because of the enhanced recombination (see Ref. 5 for a review).
To understand the quarkonium in-medium dynamics, one has to consider both plasma screening effects and recombination. Transport equations have been applied successfully [6] [7] [8] [9] [10] [11] [12] . However, the connection between the transport equation and the underlying theory QCD is not clear. Furthermore, it is not clear when the transport equation is a valid description. In this proceeding, we will explain how to derive the Boltzmann transport equation for quarkonium in-medium dynamics from QCD using the open quantum system framework. The transport equation will be briefly reviewed in Sect. 2 and the derivation will be explained in Sect. 3. We will discuss the relation between the validity condition of transport equations and a hierarchy of scales. Finally, phenomenological results on Upsilon suppression will be shown in Sect. 4 and conclusions will be drawn in Sect. 5.
Boltzmann Transport Equation
The Boltzmann transport equation for quarkonium can be written as:
in which f (x, k, t) is the phase space distribution function of a quarkonium state (each state has its own f ). The left hand side describes the free streaming of quarkonium andẋ ≡ dx dt . The right hand side contains two collision terms: recombination C + (x, k, t) and dissociation C − (x, k, t). The static screening effect has been accounted for in the quarkonium wavefunction, which is used in the calculation of C ± .
Derivation of Transport Equation
We will use the framework of open quantum system. In this framework, the whole system under study consists of a sub-system and an environment. The whole system evolves unitarily. The evolution is also time-reversible if the underlying theory respects time-reversal symmetry such as QCD. If we focus on just the sub-system, we will integrate out the environment degrees of freedom. Then the evolution equation of the sub-system is non-unitary and time-irreversible. In our case, the sub-system consists of bound and unbound QQ's while the environment is the QGP.
If we assume the sub-system and the environment interact weakly, we can expand the evolution equation to second order in perturbation and obtain the Lindblad equation:
where definitions of each term can be found in Ref. 13 . It can be shown that the Lindblad equation leads to the Boltzmann transport equation under the Markovian approximation if a Wigner transform is applied to the subsystem density matrix. The Wigner transform is defined by
which connects the density matrix and the phase space distribution. A oneto-one correspondence between terms in the Lindblad equation and those in the transport equation can be established. More specifically, the σ ab term gives the static screening; The L ab ρ S (0)L † cd term corresponds to recombination while the {L † cd L ab , ρ S (0)} term leads to dissociation; Remaining terms give the free streaming. Detailed expressions of C ± can be found in Refs. 13 and 14.
The weak coupling and Markovian approximations can be justified from a separation of scales:
Here M denotes the heavy quark mass; v is the relative velocity between the heavy quark pair inside quarkonium; T is the plasma temperature and m D denotes the Debye mass. Under this hierarchy of scales, the effective field theory potential nonrelativistic QCD (pNRQCD) can be constructed from QCD by a sequence of renormalization group flow, matching calculations and nonrelativistic expansions 15, 16 . In pNRQCD, a QQ color singlet S turns to an octet O (and vice versa) by interacting with gluons in a dipole interaction: O † r·ES+h.c., where E is the chromo-electric field. Since the typical energy of medium gluons is T , the interaction vertex scales as rT ∼ T M v ∼ v where r is the quarkonium size. Since v is assumed small, the interaction is weak. Furthermore, due to the weak interaction, the sub-system relaxation time can be shown to be much bigger than the environment correlation time, which justifies the Markovian approximation. The Markovian approximation is coarse graining, which means the finer detail of the environment dynamics is not resolved by the sub-system evolution.
In a nutshell, whenever the separation of scales M M v M v 2 T m D is true, the Boltzmann transport equation for quarkonium is valid. In practice, we have M v 2 ∼ 500 MeV for both charmonium and bottomonium and T 500 MeV in current heavy ion experiments. The derivation here explains why the transport equation phenomenology works well.
Phenomenological Results
In this section, we will show phenomenological results based on the quarkonium transport equation derived in the last section. After quarkonium dissociation, a valid description of the in-medium heavy quark dynamics is the transport equation of open heavy quarks 17 . Thus, we have to couple the transport equations of quarkonium with those of open heavy quarks 18 . We will focus on the bottomonium system since the separation of scales works better for the bottom quark.
We will solve the coupled transport equations by Monte Carlo simulations. Details can be found in Ref. 11. In heavy ion experiments, two observables of quarkonium are of interest: the nuclear modification factor R AA and the azimuthal anisotropy coefficients v n . The former is defined by the ratio of the quarkonium production cross section in heavy ion collisions and that in proton-proton collisions, scaled by the effective number of binary nucleon-nucleon collisions in heavy ion collisions such that R AA = 1 without any medium effect. The latter is defined by Fourier decomposition of the quarkonium azimuthal distribution into n 2v n cos(2nφ), where φ is the azimuthal angle of quarkonium with respect to the reaction plane that is defined event-by-event. Our calculation results for 5.02 TeV Pb-Pb collisions are shown in Fig. 1, which 
Conclusions
We showed how to derive the quarkonium transport equation inside the QGP in a theoretically controlled way with a separation of scales. This provides a theoretical justification of applying transport equation in phenomenology of quarkonium production in heavy ion collisions. Phenomenological results on Upsilon production were also presented which agree well with data. Extension to the study of doubly heavy baryon can also be made 21 . Quarkonium transport equations in a different hierarchy of scales (T M v 2 ) have been discussed in Ref. 22,23. 
